Chemoreceptor cells of the carotid bodies (CB) are activated by hypoxia and acidosis responding with an increase in their rate of neurotransmitters release which in turn increases the electrical activity in the carotid sinus nerve and evoke a homeostatic hyperventilation. Studies in isolated chemoreceptor cells have shown that moderate hypoxias (PO 2 46 mmHg) produce smaller depolarisations and comparable Ca 2+ transients but a much higher catecholamine (CA) release response in intact CB than intense acidic-hypercapnic stimuli (20% CO 2 , pH 6.6). Similarly, intense hypoxias (PO 2 20 mmHg) produce smaller depolarizations and Ca 
INTRODUCTION
Carotid bodies (CB) are small paired sensory organs located in the vicinity of the carotid artery bifurcation. This chemoreceptor organs are formed by clusters of parenchymatous cells (chemoreceptor and sustentacular) surrounded by a dense net of capillaries. Sensory nerve fibres from the carotid sinus nerve (CSN) form synaptic contacts with chemoreceptor cells. Functionally, CBs represent the main arterial chemoreceptor being responsible for the entire hyperventilation that occurs in hypoxic hypoxia (Lahiri, 1976; Honda, 1985) and contributing (25-40%) to the compensatory hyperventilation that occurs in situations of acidosis, both, respiratory or metabolic origin (Berkenbosch et al., 1979; Nattie, 1999) . These reflex ventilatory responses are initiated at the level of the chemoreceptor cells, which represent the PO 2 and [H + ] sensing elements in this chemoreceptor organ (Fidone and Gonzalez 1986; Gonzalez et al., 1994) . Chemoreceptor cells in response to hypoxia and acidosis increase their resting rate of release of neurotransmitters, which in turn augment the action potential frequency in the CSN; central projection of the CSN into the brainstem drives ventilation. Acidic stimuli might directly stimulate the sensory nerve endings of the CSN, this direct effect also contributing to increase the CSN frequency in situation of acidosis (Rigual et al., 1984) .
Acidic/hypercapnic stimuli, even the most intense stimuli tested (considered supramaximal) in normoxia and hyperoxia, elicit a level of activity in the CSN that oscillates between 25 and 40% of the maximal hypoxic activity (Fitzgerald and Parks, 1971; Lahiri and Delaney, 1975; Fitzgerald, 1976; Pepper et al., 1995) . When the compound output of the CB chemoreceptor cells is measured as the rate of neurotransmitter release (e.g., CA release) from the intact organ, the difference is even more striking, as for example a supramaximal acidic hypercapnic stimulus (20% CO 2 -equilibrated solution/pH 6.6) causes a release response 3-4 times smaller than that elicited by a hypoxic stimulus of moderate intensity (PO 2 46 mmHg) (Rocher et al., 2005; Rigual et al., 1986 Rigual et al., vs. 1991 Vicario et al., 2000b) . In contrast to the integrated responses of the CB, i.e., CSN activity and release of CA, chemoreceptor cell depolarizations produced by intense hypoxia (PO 2 20-30 mmHg) are smaller (6.8 ± 0.5 mV) than those produced by acidic/hypercapnic stimulus (20% CO 2 , pH 6.6; 11.8 ± 0.7 mV) in isolated rabbit chemoreceptor cells (Rocher et al., 2005; see Buckler and Vaughan Jones, 1994a, b for data in the rat). Yet, the increase in intracellular Ca 2+ produced by intense hypoxia and hypercapnic/acidic stimuli are comparable (Buckler and Vaughan Jones, 1994a, b; Dasso et al., 2000) . Mechanisms causing these variable relationships between cell depolarization and intracellular Ca 2+ levels on one hand, and the intensity of exocytosis on the other, are unknown. In addition, a moderate pure depolarizing stimulus (30-35 mM external K + ) elicits a CA release response comparable to that elicited by moderate hypoxia (PO 2 46 mmHg; Rocher et al., 2005) but an intracellular Ca 2+ rise several times higher than that produced by hypoxia even very intense (Buckler and Vaughan-Jones, 1994a, b; Sanchez et al., 2002) . Again, mechanisms for the large gain of hypoxic stimulus to elicit neurotransmitter release are unknown. In sum the level of chemoreceptor cells depolarization elicited by hypoxia is smaller than that elicited by acidic/hypercapnic stimuli and both stimuli generate comparable Ca 2+ transients; however, more integrated responses elicited by hypoxia, i.e., release of neurotransmitters or neural activity in the CSN, are much greater than those elicited by acidic/hypercapnic stimuli. The general aim of present study has been to find the mechanisms involved in these disparate responses.
In the present study we have performed electrophysiological and neurochemical experiments aimed to provide answers to the preceding questions. Among others, specific questions addressed in our study include: why do acidic-hypercapnic stimuli which produce larger depolarizations than intense hypoxia cause comparable Ca 2+ transients? Conversely, why do hypoxic stimuli elicit a stronger release response than intense acidic stimuli for the same Ca signal? Our data indicate that the weak response to the acidic stimuli is due mainly to a direct inhibition of the exocytotic machinery by the high H + concentrations. The higher capacity of hypoxia to elicit neurotransmitters release is due to the activation of production of cAMP, which activates exocytosis by an Epac-mediated PKA-independent mechanism.
METHODS
Animals and surgery. Adult New Zealand White rabbits (1.5-2.5 Kg) were anaesthetized with sodium pentobarbital (40 mg/Kg; i.v., lateral vein of the ear). Animals were tracheostomized and, after adequate dissections, bilateral blocks of tissue containing the carotid bifurcations were removed and placed in a lucite chamber filled with ice cold O 2 -saturated Tyrode solution (in mM: NaCl, 140; KCl, 5; CaCl 2 , 2; MgCl 2 , 1.1; HEPES, 10; glucose, 5.5; pH = 7.40). The CBs were identified and cleaned of surrounding tissues under a dissecting microscope. Cleaned CB were saved in independent vials containing fresh Tyrode at 0-4 ºC until the 8 to 12 CBs used in a given experiment were collected.
Animals were euthanized with an intracardiac overdose (150 mg/Kg weight) of sodium pentobarbital. Experimental procedures were approved by the Institutional Animal Care and Use Committee of the Universities of Valladolid and Miguel Hernandez. H-Tyrosine (3) (4) (5) 3 HTyrosine; 30 Ci/mmol; Amersham Iberica, Madrid, Spain), 1 mM ascorbic acid and 100 M 6-methyl-tetrahydropterine (Sigma, Madrid, Spain), cofactors of dopamine--hydroxylase and tyrosine hydroxylase, respectively .
At the end of this period of incubation to label 3 H-CA stores, organs were transferred to individual vials containing 4 ml of 3 H-tyrosine-free Tyrode bicarbonate solution (composition as above except for equimolar substitution of 24 mM NaCl with NaHCO 3 ) which, under continuous bubbling with water vapor saturated 20% O 2 /5% CO 2 /balance N 2 , yields a pH of 7.4. For a period of 2h incubating solutions were renewed every 30 min and discarded, eliminating in this manner the labeled precursor and the readily releasable pool of 3 H-CA . Thereafter, incubations continued and the incubating solutions were collected every 10 min for analysis in their 3 H-CA content. For most of the experiments, half of the CBs used in a given experiment were used as controls being subjected to two consecutive identical stimuli (S1 and S2, respectively), consisting in the incubation of the organs in solutions with a low PO 2 (equilibrated with 7% O 2 /5% CO 2 /88% N 2 or 2% O 2 /5% CO 2 /93 N 2 ). In K + -rich solutions, equimolar amounts of Na + were removed to maintain the osmolarity, and in solutions with high PCO 2 and low pH (equilibrated with 20% O 2 /20% CO 2 /60% N 2 ); the desired pH of 7.00, 6.80 or 6.60 were attained by varying the NaHCO 3 concentration and adjusting the NaCl accordingly to maintain osmolarity. To study the interactions between hypoxic and acidic/hypercapnic stimuli, or between high K + and acidic/hypercapnic stimuli, both pairs of stimuli were combined correspondingly (see Results). The other half of the CBs in any given experiment (experimental) were similarly incubated and stimulated except for the presence in the S2 incubation of a variable with respect to the correspondent controls. The use of specific drugs, as well as their protocols of application, will also be described in the Results section.
Immediately upon collection, incubating solutions were acidified to pH 3-3.5 with glacial acetic and saved at 4ºC to prevent degradation of the released . At the end of the experiments, the CBs were homogenized in 300 l 0.4 M perchloric acid, centrifuged 5 min in a microfuge (Beckman) and the 3 H-CA present in the supernatants were analyzed as incubating solutions.
The stimulus-evoked release of 3 H-CA in S1 and S2 was calculated as counts per minute (c.p.m.) above basal release, as shown graphically in Figure 1B (S2/S1) were calculated, and the S2/S1 ratios obtained in control and experimental CBs were compared. Statistical significance of the observed differences was assessed using a two tails Student's t test for unpaired data; significance level was established at p<0.05. There were not statistically significant differences in the magnitude of S1 evoked release between control and experimental CB in any experimental condition.
Results are expressed as mean  SEM. gentamicin. 20 l drops of cell suspension were plated on small poly-L-lysine-coated coverslips kept in 3.5 cm diameter Petri dishes in a humidified incubator (37ºC; 5% CO 2 in air). Once the cells attached (around 60 min), 2 ml of culture medium were added to the Petri dish to maintain the cells until use (3-36 h. later) . Coverslips were transferred to the recording chamber (0.15 ml volume; Warner Instrument Corporation, Hamden, CT, USA) on the stage of an inverted microscope (Nikon Diaphot-TMD) and superfused by gravity (1.5-3 ml/min).
The recordings of membrane potential in chemoreceptor cells were performed using the perforated-patch configuration and at 33-35ºC. Bath solutions were bicarbonate-buffered and identical to those used in the Nistatine was added at a final concentration of 100-150 g/ml (Albillos et al., 2000) . . In an additional group of experiments with moderate hypoxia as stimulus we tested the effect of the 8-pCPT-2'-O-Me-cAMP alone and found that it produced a nonsignificant tendency to increase the response elicited by the hypoxic stimulus ( Figure   3D ). The non-significant effect of the Epac activator was expected, because at this moderate level of hypoxic stimulation the increase in endogenous cAMP is maximal (Perez-Garcia et al., 1990) and therefore the endogenous activation of the Epac pathway should be maximal or near maximal. Finally, using identical protocols we also tested the cyclase inhibitor (SQ-22536, 80 µM) on the release induced by the acidichypercapnic stimulus, and found that it did not cause modifications in the time course of the release (not shown) nor altered the magnitude of the response ( Figure 3D ), a finding that is consistent with the observation that acidic stimuli per se do not increase the cAMP levels (Perez-Garcia et al., 1990) . Thus, this group of experiments indicates the existence in chemoreceptor cells of Epac-mediated mechanism(s) acting as enhancer(s) of the release response to hypoxic stimuli.
A confirmation of the participation of Epacs was obtained with the use of brefeldin A, an Epac-signalling inhibitor (Huang and Hsu, 2006; Ster et al., 2009) . As shown in Figure 3D , brefeldin A inhibited the release induced by moderate hypoxic stimulus about the same percentage (54%) than the inhibition of adenylate cyclase.
Hypercapnic acidosis inhibits exocytosis in chemoreceptor cells. As shown in previous figures, even after inhibiting adenylate cyclase the release response elicited by a hypoxic stimulus of moderate intensity is higher than that elicited by a hypercapnicacidotic stimulus of supramaximal intensity. This observation lead us to suspect that hypercapnic-acidosis might have a dual effect: as an stimulus to chemoreceptor cells it would tend to promote a Ca 2+ -dependent release of CA (Rigual et al., 1991; Vicario et al., 2000b; Rocher et al., 2005) , but at the same time, it would tend to inhibit the shown in Figure 4D , the inhibition reached 42% (p<0.01). p<0.01); in the same 5 cells hypercapnic acidosis reduced the current to 51.8  9.0 pA (57% inhibition) and to 70.8  8.7 (58% inhibition; p<0.01), respectively, in untreated and Bay-K treated conditions. Thus, the percentage of current increase produced by Bay-K was nearly identical in normal pH and hypercapnic acid solutions (41.4 vs 44.4%), and the percentage inhibition in both cases also was nearly identical 57%
Effects of hypercapnic acidosis on
( Figure 5B ) and very similar to that observed in the previous group of cells. The findings indicate that hypercapnic acidosis inhibits in a comparable extent L-type and the rest of Ca 2+ channel subtypes because at the recording potential all Ca 2+ channels are recruited (Rocher et al., 2005) .
DISCUSSION
In perforated-patch recordings we have confirmed the higher efficacy of hypercapnic acidosis (20% CO 2 , pH 6.6) compared to moderate hypoxia (PO 2 46 mmHg) in depolarizing isolated rabbit chemoreceptor cells, and in neurochemical experiments we demonstrate that the hypercapnic acidotic stimulus is far less efficient than moderate hypoxia to promote exocytotic release of 3 H-CA .
Finding that a cAMP-mediated mechanism potentiates the hypoxic release and not the hypercapnic acidotic release, and that hypercapnic acidosis inhibits exocytosis can satisfactorily explain these opposite relationships, i.e., high membrane depolarization/low exocytosis of produced by hypoxia and hypercapnic acidosis are comparable, even though the acidic stimulus causes a much higher depolarization. The spiking behavior of chemoreceptor cells will be omitted in the discussion due to its variability from cell to cell. However, in spiking cells, the frequency of spikes parallels the level of depolarization (see Figure 1A ; see also Rocher et al., 2005) , and therefore that omission will not detract validity to our considerations. As a final consideration in this summary, we want to state that our finding indicate that hypoxia as a depolarizing stimulus triggers release of CA, but as a result of its activation of adenylate cyclase and the Epac pathway, releases an amount of CA much larger than expected solely from depolarization A statement that we explicitly want to make at the outset of the Discussion of the present findings is that the release of CA has been used as an index of the chemoreceptor cell activity with no further assumptions on the significance of CA on the genesis of the activity in the CSN. The validity of the release of CA as an index of chemoreceptor cell function is sanctioned for all of the stimulus tested since there is a clear parallelism between the Ca 2+ -dependent release of CA (mostly dopamine) and the electrical activity recorded in the CSN, both being highly correlated with the intensity of the stimulus and being the ratios release/electrical activity stimulus specific Obeso et al., 1986; Rigual et al., 1991; Gonzalez et al. 1992; Montoro et al. 1996) . It should be acknowledged that according to current status of our knowledge (Vicario et al., 2000a; Conde et al., 2006) . Anionic channels (Carpenter and Peers, 1997) and gap junctions (Abudara and Eyzaguirre, 1998) in chemoreceptor cells also are regulated by cAMP but it is not known if this regulation is PKA dependent or independent. Finally, we should mention that preliminary data of experiments in course indicate that moderate hypoxia and the acidic hypercapnic stimulus interact in such a manner that the release of both stimuli applied simultaneously is higher than the sum of the release of both stimuli applied independently. This behavior of the release response is analogous to that described by many authors (Fitzgerald and Parks, 1971; Pepper et al., 1995) at the level of CSN discharges, but the more important aspect of our preliminary observations is that the interaction of the stimuli at the level of chemoreceptor cells and their release of DA is totally dependent on cAMP as it is abolished by SQ 22536, the inhibitor of adenylate cyclase.
Another important finding in this study is the inhibitory effect of hypercapnicacidosis on the release of -dependent release of norepinephrine from guinea pig (inhibition reached 70% at pH=6.8 and 87.8% at pH=6.0), human atrium (76% inhibition at pH=6.0) and bovine adrenal chromaffin cells (inhibition was 75% at pH=6.0). Acidosis also inhibits insulin secretion in beta cells (Bigner et al., 1996; Mack, 1998) channels in other cell types (Krafte and Kass, 1988; Tytgat et al., 1990; Chen et al., 1996; Kiss and Korn, 1999) . It should also be noticed that in the aforementioned study of Krüger et al. (1995) it was also observed a decrease in the intracellular Ca measured is higher the lower the intracellular pH (Kohmoto et al. 1990; Cairns et al., 1993) .
Findings using 80 mM extracellular K + as stimulus are comparable to those obtained with ionomycin, i.e., the inhibition observed would result mostly from the inhibition of the exocytosis by acidosis. This interpretation is based on prior observations that the intensity of release of neurotransmitters, including the release of CA in the CB , in response to 60 and 80 mM is maximal and nearly undistinguishable (Vargas and Orrego, 1976; Dismukes et al., 1977) . Thus, even if Ca 2+ channels are inhibited by acidosis it could be expected that the levels of intracellular Ca 2+ needed to produce maximal release are still achieved (see Blaustein, 1975) .
In summary, our study demonstrates that moderate hypoxia and strong hypercapnic acidosis depolarize chemoreceptor cells in such a manner that the acidic stimulus more than tripled the depolarizing effect of moderate hypoxia. On the contrary, the acidic hypercapnic stimulus elicited a neurotransmitter release response that was about a third of the release response elicited by hypoxia. Our data also indicate that the low potency of the acidic hypercapnic stimulus to elicit neurosecretion is the result of at least two factors: a direct effect of the high proton concentration of the exocytotic machinery and a direct inhibition of voltage dependent Ca 2+ currents. On the contrary, the high gain of the hypoxic stimulus on the exocytosis is mediated by cAMP, via a PKA-independent, Epac-mediated mechanism. This study is the first one implicating Cachero T.G. Rigual R., Rocher A. and Gonzalez C. (1996) . Cholera and pertussis toxins reveal multiple regulations of cAMP levels in the rabbit carotid body. Figure 3A -C. Figure also shows mean data obtained in eight individual experiments using the Epac inhibitor brefeldin A (100 M) using protocols comparable to those in Figure 3B . Figure 3D also represents mean data obtained for hypercapnic acidosis with protocols identical to those described in parts A and B.
Values are means ± SEM for 6-10 CBs (*p<0.05; ***p<0.001). 
